Actin filament bundles are higher-order cytoskeletal structures that are crucial for the maintenance of cellular architecture and cell expansion. They are generated from individual actin filaments by the actions of bundling proteins like fimbrins, LIMs, and villins. However, the molecular mechanisms of dynamic bundle formation and turnover are largely unknown. Villins belong to the villin/gelsolin/fragmin superfamily and comprise at least five isovariants in Arabidopsis thaliana. Different combinations of villin isovariants are coexpressed in various tissues and cells. It is not clear whether these isovariants function together and act redundantly or whether they have unique activities. VILLIN1 (VLN1) is a simple filament-bundling protein and is Ca 2+ insensitive. Based on phylogenetic analyses and conservation of Ca 2+ binding sites, we predict that VLN3 is a Ca 2+ -regulated villin capable of severing actin filaments and contributing to bundle turnover. The bundling activity of both isovariants was observed directly with time-lapse imaging and total internal reflection fluorescence (TIRF) microscopy in vitro, and the mechanism mimics the "catch and zipper" action observed in vivo. Using time-lapse TIRF microscopy, we observed and quantified the severing of individual actin filaments by VLN3 at physiological calcium concentrations. Moreover, VLN3 can sever actin filament bundles in the presence of VLN1 when calcium is elevated to micromolar levels. Collectively, these results demonstrate that two villin isovariants have overlapping and distinct activities.
INTRODUCTION
The actin cytoskeleton plays a central role in fundamental physiological processes, including the maintenance of cellular architecture and polarity, cell motility, organelle positioning, vesicle trafficking, cytoplasmic streaming, and cell division. Actin filaments form structural networks comprised of single filaments and prominent higher-order structures made of actin filaments packed closely together. Recent imaging of the actin cytoskeleton in live cells has revealed that it is surprisingly dynamic (Vavylonis et al., 2008; Staiger et al., 2009; Okreglak and Drubin, 2010) . In the cortical array of Arabidopsis thaliana epidermal cells, actin filaments are randomly oriented, polymerize rapidly, and are constantly changing position (Staiger et al., 2009 ). The single filaments are mostly short-lived due to prolific severing activity that fragments them into small pieces, but the stiffer and straighter higherorder structures appear to be rather stable and are long-lived. The latter are often referred to as actin bundles or cables.
Although bundles are a prominent feature of practically all plant cells, their biological function and how they are formed have seldom been studied directly (Higaki et al., 2010) . There is one preliminary report of actin bundle formation in vivo (Era et al., 2009 ), but the mechanism was not well characterized. It is generally accepted, however, that bundles are important for various cellular processes, such as cytoplasmic streaming, as tracks for organelle movement, for positioning of organelles such as chloroplasts and the nucleus, and for opening of stomata (Shimmen et al., 1995; Tominaga et al., 2000; Ketelaar et al., 2002; Shimmen, 2007; Higaki et al., 2009) . Bundles are also crucial for the maintenance of cellular architecture and stabilization of transvacuolar strands (Shimmen et al., 1995; Tominaga et al., 2000) as well as for host cell responses to microbial pathogens (Schmidt and Panstruga, 2007; Clé ment et al., 2009) . In addition, studies of hormone signaling and mutant plants suggest that bundles are also involved in cell elongation and cellular morphogenesis (Baluska et al., 2001; Le et al., 2003 Le et al., , 2006 Rahman et al., 2007; Higaki et al., 2010) . Several classes of actin binding protein are responsible for the formation of bundles in plants, including fimbrins, two LIM domain-containing (LIM) proteins, certain formins, and villins (Higaki et al., 2007 (Higaki et al., , 2010 ; Thomas et al., 2009) . Whether these proteins cooperate to generate bundles or whether they form different types of bundles that act at different locations to perform specific functions is not clear. Additionally, the bundling proteins comprise multigene families. Functional differences within families are evident from studies on proteins such as the formins . Thus, there is a need to perform rigorous biochemical characterization of the different isovariants as they might have distinct activities and/or forms of regulation.
Individual actin binding proteins typically have more than one biochemical activity on actin. In addition to bundling filaments, some actin binding proteins can bind to monomers, facilitate polymerization, cap ends, and/or fragment filaments. The villins are one such class of multifunctional protein that is widely expressed in most eukaryotic cells, with the notable exception of Saccharomyces cerevisiae Friederich et al., 1999; Staiger and Hussey, 2004) . They belong to the villin/gelsolin/fragmin superfamily, whose members contain gelsolin repeat domains comprised of 125 to 150 amino acids (Friederich et al., 1999; Yin, 1999) . Villins comprise a core gelsolin domain, with six gelsolin-homology repeats (G1 to G6), and most are able to sever and cap the barbed ends of actin filaments in the presence of micromolar concentrations of Ca 2+ (Glenney et al., 1980; Northrop et al., 1986; Janmey and Matsudaira, 1988; Kumar et al., 2004a) . There are exceptions, however, including Drosophila melanogaster Quail and Arabidopsis VILLIN1 (VLN1), which do not exhibit these functions (Matova et al., 1999; Huang et al., 2005) . Villins also have a C-terminal headpiece domain (villin headpiece [VHP] ) that contributes an additional actin binding site and facilitates the formation of higher-order structures by cross-linking actin filaments into bundles (Friederich et al., 1992 (Friederich et al., , 1999 George et al., 2007) .
Plant villin homologs from Lilium longiflorum pollen (135-ABP and 115-ABP) bundle actin filaments in a calcium-calmodulin (Ca 2+ -CaM)-sensitive manner (Nakayasu et al., 1998; Yokota et al., 1998 Yokota et al., , 2000 Yokota et al., , 2003 Vidali et al., 1999; Yokota and Shimmen, 1999) . Lily 135-ABP is also able to accelerate polymerization, cap ends, and depolymerize actin filaments in the presence of Ca 2+ -CaM (Yokota et al., 2005) . These plant villins are thought to be involved in the formation of actin filament bundles in pollen tubes Vidali et al., 1999) and root hair cells (Tominaga et al., 2000; Ketelaar et al., 2002) .
In addition to bundling, villins are also recognized for the ability to sever or fragment actin filaments like other members of the villin/gelsolin/fragmin superfamily. The ability to sever actin filaments is shared with other unrelated proteins like actin-depolymerizing factor (ADF)/cofilin, twinfilin, and coronin. These proteins enhance disassembly of actin filaments and thus promote the reorganization of the actin cytoskeleton (Ono, 2007) . Severing is a prominent feature responsible for the stochastic dynamics of individual actin filaments in live cells (Vavylonis et al., 2008; Staiger et al., 2009; Okreglak and Drubin, 2010) , and it is therefore critical to understand the molecular mechanisms that underpin filament breakage.
The Arabidopsis genome encodes five isovariants of villin, VLN1 to VLN5 (Klahre et al., 2000; Huang et al., 2005) . Fusion proteins of green fluorescent protein (GFP) with full-length VLN3 and several VHP constructs decorate actin filaments in plant and animal cells, thereby demonstrating their ability to bind actin filaments (Klahre et al., 2000) ; however, the ability of different villin isovariants to bundle, sever, or nucleate actin filaments in vivo has not been tested. Recent studies demonstrate that VLN1 is a simple bundling protein in vitro that is also capable of protecting actin filaments from ADF1 . VLN1 does not, however, have capping or severing activities and is not regulated by Ca 2+ and CaM. Detailed biochemical analyses described herein were performed to determine whether another isovariant, VLN3, is capable of bundling and/or severing actin filaments in a Ca 2+ -dependent manner. We demonstrate that VLN3 bundles actin filaments independently of Ca 2+ and that it severs filaments in the presence of micromolar [Ca 2+ ].
It is evident from microarray data, RNA gel blots, and promoter:b-glucuronidase (GUS) fusions that multiple villin isovariants coexist in different tissues of the plant during various stages of development (Klahre et al., 2000; Ma et al., 2005; Hruz et al., 2008; Yang et al., 2008) . Expression data from single cells such as trichomes (Dai et al., 2010) , guard cells and mesophyll cells in leaves (Leonhardt et al., 2004; Yang et al., 2008) , and root cells (Birnbaum et al., 2003; Brady et al., 2007; Cartwright et al., 2009 ) also suggest that more than one isovariant of villin can be present together. Specifically, VLN1 and VLN3 likely coexist in many cell types, although VLN3 is typically more abundant than VLN1. This raises the question of why the two isovariants coexist in cells. Biochemical and in planta functional differences have been demonstrated previously for isovariants of actin and the actin binding proteins, profilin and ADF (Kandasamy et al., 2002 (Kandasamy et al., , 2007 (Kandasamy et al., , 2009 Staiger and Blanchoin, 2006) . There is also genetic evidence for isovariants exhibiting similar and interchangeable functions, like the vegetative actins and the SCAR isovariants (Zhang et al., 2008; Kandasamy et al., 2009 ). The villins may therefore have redundant functions, work synergistically, or have unique properties altogether. We hypothesize that these isovariants perform the same function in cells viz bundling actin filaments. At micromolar Ca 2+ levels, however, we predict that VLN3 will sever filaments even in the presence of VLN1.
To analyze the functions of VLN1 and VLN3 when present together in vitro, we used time-lapse imaging and evanescent wave microscopy to directly observe the effect of the proteins on single actin filaments in a reconstituted system. We were able to observe bundling by both villins in real time and the mechanism recapitulates a "catch and zipper" activity observed in the cortical actin array of living epidermal cells. Furthermore, in the presence of physiological [Ca 2+ ], VLN3 severed actin filaments in the presence or absence of VLN1 in vitro. Thus, Arabidopsis villin isovariants have overlapping but distinct activities that contribute to the turnover of actin filament bundles. Our study is an important step in understanding how isovariants from the same protein family might work in the complex environment within a cell and how actin binding proteins cooperate to form, maintain, and turn over actin filament bundles.
RESULTS

VLN3 Contains the Most Predicted Ca 2+ Binding Sites of Any VLN Isovariant
The five isovariants of villin in Arabidopsis (VLN1 to VLN5) are very similar, with any two villins having an amino acid sequence similarity >51%. To analyze the relationship among isovariants, a phylogenetic tree was generated using a sequence alignment of villins from Arabidopsis, rice (Oryza sativa), lily, and human (Homo sapiens) ( Figure 1A ; see Supplemental Data Set 1 and Supplemental Figure 1 online). Based on a distance-based neighborjoining analysis, the Arabidopsis villins could be categorized into three distinct groups with well-supported bootstrap values. Specifically, VLN1 fell into a group of its own, designated group I. VLN2 and VLN3 share 88% amino acid sequence similarity and fell into the same group (II), whereas VLN4 and VLN5 comprised group III. The lily villins, 135-ABP and 115-ABP, fell into groups II and III, respectively. We also identified five villin isovariants in rice that had at least six gelsolin-repeat domains and a VHP, with the exception of Os VLN1, which did not have a headpiece. These were also classified into the three groups. The same phylogeny and subgroup classification were obtained with a parsimonybased analysis ( Figure 1B) . Surprisingly, the clades did not correlate with the expression pattern of the genes. The two lily villins, in spite of being isolated from pollen, did not sort into the same group. Of the five Arabidopsis villin isovariants, VLN1, 2, and 5 are all expressed in pollen, based on microarray data, whereas VLN3 and 4 are not (Pina et al., 2005) . VLN1, 2, and 5 did not, however, fall into a single phylogenetic grouping that can be designated as reproductive. This contrasts with other plant cytoskeletal gene families, like profilin or actin McDowell et al., 1996; Meagher et al., 1999) .
To understand further the distinction between villin classes, we analyzed their Ca 2+ binding motifs. Studies of the x-ray crystal structures of gelsolin reveal two types of Ca 2+ binding sites: type 1 sites, where Ca 2+ binds at the interface between gelsolin and actin and is important for their interaction; and type 2 sites that are contained within gelsolin, and where Ca 2+ binding results in activation of the protein (Choe et al., 2002) . Structure-based sequence alignment of the gelsolin-homology domains of Arabidopsis villins and human villin compared with human plasma gelsolin ( Figure 1C ; see Supplemental Figure 2 online) revealed that all Arabidopsis and lily villins had just one type 1 site (in gelsolin-repeat domain 1 [G1]), whereas human gelsolin and villin have two type 1 sites in G1 and G4, respectively (green dots, Figure 1C ; green highlighting, Supplemental Figure 2 online). All six of the type 2 sites present in human villin and gelsolin (yellow dots, Figure 1C ; yellow highlighting, Supplemental Figure 2 online) were not conserved in the plant villins . VLN1 had the least, with only one type 2 site in G2 and another probable site in G4 ( Figure 1C ). VLN2 and VLN3 had the most, with four type 2 sites in G1, G2, G4, and G6. As VLN1, a Ca 2+ -insensitive protein that lacks several of the normal villin functions and has the least number of probable Ca 2+ binding sites , it seems likely that the villin isovariants with a greater number of conserved sites will be Ca 2+ sensitive. VLN3 is therefore a good candidate to test this hypothesis by studying the biochemical properties of the recombinant protein.
To examine the activities of VLN3 in vitro, the full-length cDNA was obtained from the ABRC and the coding sequence cloned into a T7 vector. The 106-kD nonfusion protein was expressed in Escherichia coli and purified by ion exchange and affinity chromatography (see Supplemental Figure 3A online). The purity of the recombinant protein was >80% and it cross-reacted with an affinity-purified antibody raised against the G1 to G3 domains of VLN1 see Supplemental Figure 3B online) .
VLN3 Binds to F-Actin in a Ca 2+ -Insensitive Manner
The ability of VLN3 to bind to filamentous actin (F-actin) was analyzed with a variation of the high-speed cosedimentation assay used previously to characterize FIM1 and VLN1 (Kovar et al., 2000; Huang et al., 2005) . Apparent equilibrium dissociation constant (K d ) values for VLN3 binding to F-actin were estimated by cosedimentation reactions with 0.5 mM VLN3 or VLN1 and increasing concentrations of phalloidin-stabilized actin. Following centrifugation at high speed, the percentage of villin in the pellet was determined by densitometry. These data were plotted as a function of actin concentration and fitted with a hyperbolic function to estimate apparent dissociation constant values, and representative experiments are shown in Figure 2A (VLN3) and Figure 2B (VLN1). The apparent K d (6SD) value for VLN3 was 0.9 6 0.2 mM (n = 6) and was not statistically different from that of VLN1 (0.6 6 0.4 mM, n = 4; P = 0.3 by Student's t test). Thus, VLN3 binds to actin filaments with moderate affinity, like the previously characterized isovariant, VLN1.
The binding assays described above were performed at [Ca 2+ ] free <10 nM. To determine whether the binding of VLN3 to F-actin was sensitive to Ca 2+ , additional experiments were performed in the presence of 100 mM free Ca 2+ . The average K d obtained for VLN3 at high Ca 2+ was 1.3 6 0.3 mM (n = 4), which was not statistically different (P = 0.07) from that in low Ca 2+ conditions. This indicates that Ca 2+ does not affect the affinity of VLN3 for F-actin.
VLN3 Bundles F-Actin in a Ca 2+ -Independent Manner
To test whether VLN3 is capable of generating actin filament bundles in vitro, we used a battery of biochemical and fluorescence microscopy assays. Previously, we demonstrated that VLN1 could generate actin filament bundles in a Ca 2+ -independent manner . The ability of VLN3 to form higher-order structures with F-actin was initially examined with a low-speed cosedimentation assay (Kovar et al., 2000; Huang et al., 2005) . Because individual actin filaments do not sediment at 13,500g, only in the presence of an actin binding protein that is capable of bundling or cross-linking filaments into networks will there be appreciable actin in the pellet. When incubated in the absence of villin, very little polymerized actin sedimented ( Figure  3A ). On the other hand, in the presence of VLN3 or VLN1, substantial amounts of actin were present in the pellets ( Figure  3A) . Moreover, the presence of VLN3 resulted in a dose-dependent increase in the percent of actin in the pellet in the absence of Ca 2+ ( Figure 3B ), consistent with bundling or network formation. The low-speed cosedimentation assay was also used to estimate K d values for VLN3 binding to F-actin. The apparent K d obtained from similar experiments was 1.1 6 0.6 mM (n = 3) and was not statistically different (P = 0.7) from that obtained with the high-speed cosedimentation assay.
The above experiments were performed at low [Ca 2+ ] free ; therefore, we wanted to assess the effects of [Ca 2+ ] free on VLN3 bundling activity. Low-speed cosedimentation assays were performed with a fixed stoichiometry of VLN3 to actin, at [Ca 2+ ] free spanning the physiological range (0.1 to 10 mM). Following incubation of 500 nM VLN3 and 10 mM prepolymerized actin, the mixtures were centrifuged at 13,500g, and the amount of actin in the pellet was determined by densitometry. There was a modest, but statistically significant, decrease in the amount of bundled actin at 100 nM (P = 0.03) and 1 mM Ca 2+ (P = 0.04) compared with that at 25 nM Ca 2+ ( Figure 3C ). VLN1, which has been shown to be a Ca 2+ -independent bundling protein , exhibited no statistical difference (P > 0.05) in the amount of actin in the pellet in the absence or presence of Ca 2+ ( Figure 3C ). Thus, there was a modest effect of varying the [Ca 2+ ] free on the apparent bundling activity of VLN3 as determined with the low-speed cosedimentation assay. The reduced amount of sedimentable actin at high [Ca 2+ ] could result from changes in bundling, monomer binding or severing activities, or a combination of these properties. Nevertheless, it can be concluded that VLN3 is able to bind and bundle actin filaments efficiently in the absence and presence of Ca 2+ .
To confirm the formation of higher-order, actin-based structures, fluorescence light microscopy was used to observe the effects of VLN3 on actin filaments at steady state. When 1 mM prepolymerized actin was decorated with rhodamine-phalloidin, predominantly individual actin filaments were visualized ( Figure  3D ). In comparison, when F-actin was incubated with 100 nM VLN3, in the presence of 100 nM or no free Ca 2+ , long and thick actin filament bundles were observed ( Figure 3F ). These were similar to bundles detected when actin and 100 nM VLN1 were incubated together ( Figure 3E ). To quantitate the generation of higher-order structures from light micrographs, a novel approach was implemented that avoids the drawbacks of hand selecting individual structures and measuring some parameter. Higaki et al. (2009) developed an algorithm to examine the extent of actin bundling in living guard cells of Arabidopsis. The method defines a statistical parameter called skewness (a lack in Gaussian normality) and assumes that a field of single actin filaments will have a Gaussian distribution of pixel intensities, whereas a population with higher-ordered structures shifts or skews the distribution to the left, resulting in higher skewness values. Here, we applied and tested Higaki's algorithm against reconstituted actin-based structures using phalloidin-decorated actin filaments in the presence or absence of VLN1 or VLN3. Analyses of at least 150 randomly chosen fields of view containing single actin filaments had average skewness values of between 2 and 3 ( Figure 3G ; see Supplemental Figure 4A online). In the presence of increasing amounts of VLN1 (see Supplemental Figure 4A online) or VLN3 ( Figure 3G ), average skewness values increased significantly (P < 0.0001, by one-way t test) in a dose-dependent manner and reached saturation at villin concentrations substoichiometric with actin. Moreover, inclusion of 100 mM free Ca 2+ did not affect the skewness values over the entire dose series of VLN1 (see Supplemental Figure 4A online). A range of [Ca 2+ ] free from 100 nM to 1 mM also had no significant effect on average skewness values for reactions containing 50 nM VLN3 and 1 mM actin ( Figure 3H) . Importantly, the average skewness results correlated with the amount of actin in the pellet fraction when the same reactions were subjected to low-speed sedimentation analysis (see Supplemental Figures 4B and 4C online) . These results confirm and validate that skewness is an appropriate and robust measure of actin filament higher-order structure formation. Collectively, our findings demonstrate that VLN3 is an actin filament bundling protein and this activity is independent of [Ca 2+ ] free .
Filament Bundling Occurs by a Catch and Zipper Mechanism
To visualize in real time the formation of villin-induced bundles, we used time-lapse total internal reflection fluorescence (TIRF) microscopy and a reconstituted system. N-ethyl maleimide (NEM)-myosin was used to partially immobilize 25 nM of prepolymerized rhodamine-actin filaments on the cover glass of flow chambers (Amann and Pollard, 2001; Michelot et al., 2005 Michelot et al., , 2006 Kovar et al., 2006) . The actin binding protein was perfused into the chamber and time-lapse images captured to visualize villin-induced bundling. In the absence of villin, most of the actin filaments simply wiggled and very few bundles were observed (see Supplemental Movie 1 online). When VLN3 was perfused through the chamber in the presence of 38.5 nM or 1 mM free Ca 2+ , some of the individual actin filaments that were positioned close to each other made contact and zippered together to form actin filament bundles (Figures 4A and 4B; see Supplemental Movies 2 and 3 online, respectively). A similar zippering was observed when bundles were formed in the presence of VLN1 ( Figure 4C ; see Supplemental Movie 4 online) and by the plant formin protein, AFH1 (Michelot et al., 2006) . Bundles were also formed by the zippering together of more than two filaments (e.g., Figures 4A and 4C ). Thus, in the presence of either VLN3 or VLN1, filament bundles formed by a catch and zipper mechanism.
Recent advances in fluorescent fusion protein reporters and imaging modalities have allowed actin filament dynamics to be examined with high spatial and temporal resolution in vivo (Era et al., 2009; Staiger et al., 2009; Vidali et al., 2009 Vidali et al., , 2010 . In the cortical array of epidermal cells from dark-grown hypocotyls at least two populations of actin-based structures exist, individual filaments and bundles or cables, and these differ in average length, fluorescence intensity, lifetime, and convolutedness (Staiger et al., 2009) . A previous study demonstrates that individual filaments are subject to remarkably dynamic behavior, with rapid elongation rates balanced by prolific severing activity to maintain short filament lifetimes (Staiger et al., 2009) . How the more stable bundles form and turn over, however, was not examined. Here, we used time-lapse variable-angle epifluorescence microscopy High-speed cosedimentation assays were performed to determine the apparent affinity of villin binding to F-actin. Various amounts of phalloidin-stabilized F-actin were mixed with 0.5 mM VLN3 (A) or VLN1 (B). The final [Ca 2+ ] free , buffered with 1 mM EGTA, was 3 nM. The supernatants and pellets obtained after centrifugation were subjected to SDS-PAGE, and the amount of bound protein in the pellet was determined by densitometry. Percentage of bound VLN was plotted against the concentration of actin and fitted with a hyperbolic curve. The calculated equilibrium dissociation constant (K d ) value for the representative experiment in (A) was 1 mM. The K d value for the representative experiment in (B) was 0.8 mM. (A) The ability of VLN3 to form higher-order structures with F-actin was determined with low-speed cosedimentation assays. Ten micromolar prepolymerized F-actin was incubated with or without VLN1 or VLN3 (25 nM free Ca 2+ ) followed by centrifugation at 13,500g. The supernatants (S) and pellets (P) obtained were subjected to SDS-PAGE and Coomassie stained. The positions of VLN3, VLN1, and actin are marked on the right. Migration of M r standards is given at the left.
(VAEM; Konopka and Bednarek, 2008; Staiger et al., 2009 ) to examine the formation of filament bundles in Arabidopsis epidermal cells expressing the actin reporter GFP-fABD2. As shown in Figure 5 (and Supplemental Movies 5 and 6 online), both individual filaments and short bundles were observed to make contact with an adjacent actin-based structure followed by the zippering together of the two structures along their lengths. In some cases, multiple filaments bundled into one structure, or a single filament participated in the formation of multiple bundles ( Figure 5A ; see Supplemental Movie 5 online). Examples of this catch and zipper mechanism were observed in every cell imaged. Thus, filamentfilament bundling appears to occur in the same manner both in vitro and in vivo.
VLN3 Severs Actin Filaments
From kinetic analyses of actin assembly and disassembly reactions, it was inferred previously that VLN1 does not sever actin filaments . To test directly whether VLN3 and VLN1 had severing activity, we examined individual actin filament behavior at steady state and by time-lapse TIRF microscopy. Human villin (hVLN) was used as a positive control (Kumar and Khurana, 2004; Kumar et al., 2004a Kumar et al., , 2004b . Experiments were initially performed with wide-field fluorescence light microscopy assays, where prepolymerized actin (1 mM) was incubated with villin in the presence of EGTA or 10 mM free Ca 2+ for 15 min followed by the addition of rhodaminelabeled phalloidin to decorate the filaments. When incubated alone or in the presence of various concentrations of VLN1, actin filaments were on average 4 to 5 mm long (Figures 6A, 6B, and 6E). In the presence of 10 mM Ca 2+ and 100 nM VLN3 or hVLN, however, the filaments were significantly shorter, ;1 mm in length (Figures 6C to 6E; P > 0.05). This reduction in filament length under high Ca 2+ conditions was dose dependent for both VLN3 and hVLN ( Figure 6E ) and consistent with filament severing.
The decrease in filament length observed in the presence of VLN3 or hVLN at equilibrium could also be due to monomer sequestration, depolymerization of actin filaments, or inhibition of annealing. To rule these out, and to visualize actin filaments in real time, we used TIRF microscopy. Prepolymerized rhodamine-labeled actin filaments (25 nM) were adhered to the cover glass of a perfusion chamber as described previously. Villin was perfused into the chamber and time-lapse images captured. Analyses with actin filaments alone or actin with VLN1 showed minimal breakage (see Supplemental Movies 1 and 7 online; Figure 7C ). In the absence of Ca 2+ , neither hVLN nor VLN3 had an effect on actin filaments (e.g., for VLN3; see Supplemental Movie 8 online). In the presence of 10 mM free Ca 2+ , however, hVLN induced breaks along the filaments at concentrations as low as 0.03 nM, demonstrating severing activity (Figures 7A and 7C ; see Supplemental Movie 9 online). When perfused in the presence of 10 mM free Ca 2+ , VLN3 at concentrations between 3 and 10 nM also generated numerous breaks along the filaments (Figures 7B and 7C; see Supplemental Movie 10 online).
The number of breaks per unit filament length per unit time (breaks/mm/s) was calculated as a quantitative measure for the severing frequency of each protein (Andrianantoandro and Pollard, 2006) . Human villin exhibited an average severing frequency (6SE) of 0.004 6 0.0007 breaks/mm/s at 0.7 nM concentration ( Figure 7C ). The severing was markedly faster at concentrations $1 nM, making it impossible to assess quantitatively. Similar problems were faced when collecting time-lapse series of severing in the presence of $10 nM VLN3, where filaments tended to stick to glass and/or simply fade away because of rapid severing and loss of fragments. VLN3 did, however, show a significant increase (P < 0.05) in severing frequency at concentrations up to 7 nM, compared with actin alone ( Figure 7C ). It had an average severing frequency of 0.0013 6 0.00014 breaks/mm/s at 7 nM. Similar experiments were performed with Arabidopsis ADF1, which was previously suggested not to sever actin filaments (Carlier et al., 1997) . We found that ADF1 also severed actin (B) Scatterplot for dose-dependent bundling of actin filaments by VLN3. The low-speed cosedimentation assay was performed by mixing 10 mM prepolymerized F-actin with increasing concentrations of VLN3 in the presence of 25 nM free Ca 2+ . The supernatants and pellets obtained after centrifugation were subjected to SDS-PAGE and Coomassie stained. Actin bands were analyzed by densitometry, and actin standards on the same gel were used to calculate the percentage of actin in the pellet. Values plotted are means and the error bars represent SD. n = 4. (C) The effect of Ca 2+ on bundling activity of VLN3 was determined by low-speed cosedimentation assays, as in (A), that were performed with 10 mM prepolymerized F-actin and 500 nM VLN3 or VLN1 in the presence of different [Ca 2+ ] free . Percentage of actin in the pellet was determined by densitometry. Values plotted are means, and the error bars represent SD. n = 4. Asterisks represent values that were statistically different (P < 0.05 by t test) from percentage of actin in the pellet at 25 nM Ca 2+ . (D) to (F) Micrographs of actin bundles formed in the presence of VLN1 or VLN3. Prepolymerized actin (1 mM) alone (D), with 100 nM VLN1 (E), or 100 nM VLN3 (F) was incubated at room temperature for 15 min and labeled with 1 mM rhodamine-phalloidin. Images taken by wide-field fluorescence microscopy showed filament bundles in the presence of VLN3, similar to VLN1. All exposures were identical for the three representative images and are reflective of those used for skewness analysis (below). Bar in (D) = 10 mm. (G) VLN3 exhibits dose-dependent bundling based on skewness analysis in vitro. Increasing concentrations of VLN3 have significantly skewed pixel intensities compared with unbundled single actin filament skewness values denoted by asterisks (P < 0.0001 by one-way Student's t test). The experiment was repeated three times, and mean skewness values (6SE) from 150 micrographs per concentration are shown, with 1 mM actin alone controls having a value of 2.4 6 0.14 and VLN3 saturating at 13 6 0.3 for 200 nM VLN3. (H) VLN3 average skewness values are not significantly affected by varying the [Ca 2+ ] free . Conditions include 50 nM VLN3 and 1 mM prepolymerized actin. The experiment was replicated three times, and mean skewness values (6SE) for 150 micrographs per Ca 2+ concentration from 100 nM to 1 mM are shown. n = 3. filaments, albeit requiring much higher concentrations than the villins ( Figure 7C ; see Supplemental Movie 11 online). Thus, VLN3 is a bona fide actin filament severing protein with efficiency between human villin and plant ADF.
VLN3 Severs Actin Filaments in a Ca 2+ -Dependent Manner
In wide-field fluorescence microscopy experiments, VLN3 showed a reduction in filament length at high [Ca 2+ ] free ( Figure  6 ). We therefore tested whether the activity was affected by varying the [Ca 2+ ] free . At a fixed stoichiometry of actin and VLN3 (1 mM and 50 nM, respectively), filament length decreased as [Ca 2+ ] free increased (Figure 8 ). There was a statistical difference (P < 0.05 by t test) in the average length of filaments in the presence of 1 mM (mean = 4.2 6 0.3 mm) to 10 mM (mean = 1.01 6 0.02 mm) free Ca 2+ compared with no Ca 2+ (mean = 5.4 6 0.4 mm; Figures 8A and 8B ). There was also a decrease in filament length in the presence of hVLN ( Figure 8B ), with the difference being significant from 1 mM to 10 mM Ca 2+ . VLN1, on the other hand, did not reduce filament length in the presence of high [Ca 2+ ] free ( Figure 8B ). These data suggest that VLN3 shortened the length of actin filaments in a Ca 2+ -dependent manner, and effective Ca 2+ concentrations were in the physiological range of 1 to 10 mM.
To study the severing frequency of VLN3 in real time at different [Ca 2+ ] free , we returned to time-lapse imaging by TIRF microscopy. At each [Ca 2+ ] free tested, 0.5 nM hVLN, 5 nM VLN1, or 5 nM VLN3 was perfused into chambers containing 25 nM rhodamine-actin filaments, time-lapse images were recorded, and severing frequency determined. When the respective buffers for the recombinant villin proteins, or 5 nM VLN1, were perfused through the chambers in the presence of 1000 mM Ca 2+ , there was a modest but significant (P < 0.05) increase in the frequency of breaks created compared with no free Ca 2+ (Figure 9 ). This was negligible, however, compared with the severing activity of hVLN, which resulted in high severing frequencies in the presence of [Ca 2+ ] free $1 mM (Figure 9 ). VLN3 also exhibited an increase in severing frequency with increasing [Ca 2+ ] free , up to 100 mM ( Figure 9 ). The magnitude of the severing frequency values for VLN3 was not as high as hVLN. Thus, VLN3 is a Ca 2+ -dependent severing protein capable of inducing breaks in individual actin filaments.
VLN1 and VLN3 Coexist in Plant Tissues
If VLN1 and VLN3 isovariants are present in the same tissues and cell types, then their distinct activities may have important consequences for actin-based function in those cells. To understand better whether or not these two villins have overlapping expression patterns, we evaluated the previous data and publically available microarray information, as well as performed quantitative real-time PCR (qRT-PCR) on select tissues. Previous RNA gel blot data reveal that VLN1 and VLN3 are ubiquitously expressed throughout the Arabidopsis plant, albeit with VLN1 being less abundant in most tissues and organs (Klahre et al., 2000) . A survey of current microarray databases gives a similar impression (Hruz et al., 2008) : VLN1 and VLN3 are expressed widely in the plant, but VLN3 is typically more abundant, with the exception of endosperm, pollen, and the shoot apex (see Supplemental Figure 5A online). Promoter:GUS reporter expression studies confirm that VLN1 is present in roots, young leaves, and inflorescences, with strongest VLN1:GUS found in the vasculature of roots, leaves, and filaments of the anthers (Klahre et al., 2000) . Overlapping expression of VLN1 and VLN3 in the vasculature of roots is also obvious in the AREX database (Birnbaum et al., 2003; Brady et al., 2007; Cartwright et al., 2009 ), although VLN3 is present in many more cell types than VLN1, including most notably epidermal cells of the elongation zone and root hairs (see Supplemental Figure 5B online). Strong VLN1:GUS expression was also noted in the guard cells of leaves (Klahre et al., 2000) and is corroborated by microarray analysis of transcripts from guard cell protoplasts where it is coexpressed with VLN3 (Leonhardt et al., 2004; Yang et al., 2008) . To evaluate coexpression in inflorescence stems, floral whorls, and mature rosette leaves, we performed qRT-PCR on VAEM was used to image the cortical actin cytoskeleton in dark-grown Arabidopsis hypocotyl epidermal cells 11 d after germination expressing GFP-fABD2, as described previously (Staiger et al., 2009) . (A) to (D) Micrographs of actin filaments in the absence or presence of villins. One micromolar prepolymerized actin alone or with villin in the presence of 10 mM free Ca 2+ was incubated at room temperature for 15 min and labeled with 1 mM rhodamine-phalloidin. Images taken by widefield fluorescence microscopy showed much shorter filaments in the presence of 100 nM VLN3 (D) or hVLN (C) compared with actin alone (A) or actin in the presence of 100 nM VLN1 (B). Bar = 10 mm. (E) Average filament lengths as a function of VLN3, hVLN, and VLN1 concentrations were plotted. Values are means and the error bars represent SE. n > 200. Asterisks represent the values that were statistically different (P < 0.05 by t test) compared with actin alone. VLN3 and hVLN showed dose-dependent filament shortening, whereas VLN1 had little or no effect on filament length.
wild-type plants and compared the results to those obtained from the same tissues isolated from two T-DNA insertion mutants, vln1-4 and vln3-8, respectively (see Supplemental Figure 6 online). Homozygous mutant plants showed little or no expression of the respective transcripts in any tissue tested, indicating that the primer pairs are specific and that the mutants are knockouts for VLN1 and VLN3 (see Supplemental Figure 6 online). VLN1 was expressed at approximately the same level, relative to the glyceraldehyde-3-phosphate dehydrogenase (GAPD) control, in both floral whorls (see Supplemental Figure  6A online) and inflorescence stems (see Supplemental Figure 6B online). VLN3 had threefold lower expression than VLN1 in floral whorls (see Supplemental Figure 6A online), whereas it was twofold higher than VLN1 in inflorescence stems (see Supplemental Figure 6B online). By comparison, in mature rosette leaves, VLN1 levels were quite low and approximately the same as the GAPD control, whereas VLN3 was rather abundant (see Supplemental Figure 6C online). Collectively, these results confirm that VLN1 and VLN3 exhibit spatially and temporally overlapping expression patterns throughout the Arabidopsis plant.
VLN1 Does Not Protect Individual Filaments from Severing by VLN3
To analyze the effects on actin that might result from overlapping and distinct activities of VLN1 and VLN3 proteins, steady state microscopy experiments were performed as before with prepolymerized actin incubated in the presence of villins without Ca 2+ . For these experiments, we chose a concentration of VLN1 that was saturating for bundle formation, 400 nM (see Supplemental Figures 4A and 4C online) , and used 50 nM VLN3. After 15 min, the mix was divided in two. One part was stabilized with rhodamine-labeled phalloidin immediately, whereas the other was treated with Ca 2+ before being stabilized. When incubated (A) and (B) Rhodamine-actin filaments were adhered to the cover slip of a perfusion chamber, and then 0.5 nM hVLN (A) or 7 nM VLN3 (B), in the presence of 10 mM free Ca 2+ , was perfused into the chamber and time-lapse images were collected every second. Individual filaments showed breaks (arrows) along their length. The elapsed time in seconds is given in the top right corner of each image. See also Supplemental Movies 9 and 10 online. Bars = 5 mm.
(C) Quantitative analysis of severing activity. Either fluorescence buffer alone or different concentrations of hVLN, VLN3, VLN1, or ADF1 were perfused through chambers containing rhodamine-actin filaments, and time-lapse images were collected at 1-to 5-s intervals. The maximal length of individual filaments was measured, and breaks in each filament were counted during playback of the time-lapse series. Severing frequency was calculated as the number of breaks per unit filament length per unit time. At least three independent experiments in which >20 filaments each were counted were performed for each protein. Error bars represent SE. Asterisks represent data points that were statistically different (P < 0.05 by t test) compared with actin alone. alone, the actin filaments were qualitatively similar in length before and after the addition of Ca 2+ ( Figure 10A ). In the presence of the villins, filament lengths were similar to actin alone, prior to the addition of Ca 2+ , and several bundles were observed in the presence of VLN1 or VLN3 ( Figure 10A ). After the addition of Ca 2+ , short individual filaments were observed in the presence of VLN3 (Figure 10A ), indicating fragmentation. The severing protein was thus activated on the addition of Ca 2+ and it markedly shortened single filaments.
Similar results were obtained when actin filaments were coincubated in the presence of both VLN1 and VLN3. Long single filaments and numerous bundles were observed before the addition of Ca 2+ ( Figure 10A ). Following addition of Ca 2+ , however, all of the individual filaments were short. The presence of a saturating amount of VLN1, a side binding protein, did not affect the shortening of the individual actin filaments. We conclude that VLN1 was unable to protect actin filaments from severing by VLN3.
TIRF microscopy experiments were performed to analyze further how the two villin isovariants functioned distinctly at the single filament level. Because previous results had demonstrated that VLN1 protected actin filaments from the effects of ADF1 , it was of interest to determine whether the presence of VLN1 ameliorated the activities of VLN3. This was evaluated in real time by perfusing 5 nM VLN3 or 200 nM ADF1 into chambers containing 25 nM prepolymerized rhodamine-actin filaments that were previously perfused with 25 nM VLN1. An additional 25 nM VLN1 was added along with the severing protein. Severing by VLN3 was observed in the presence or absence of VLN1 (see Supplemental Movies 12 and 13 online). The average severing frequency of VLN3 in the presence of VLN1 was 0.0069 6 0.0004 breaks/mm/s and was only 9% less and not statistically different from that of VLN3 alone (0.0076 6 0.0006 breaks/mm/s; P = 0.4; Figure 11 ). By contrast, ADF1 severing activity was reduced by >75% in the presence of VLN1 (Figure 11 ; see Supplemental Movies 14 and 15 online), providing indirect evidence that VLN1 is capable of binding to individual filaments and protecting them from disassembly. Thus, VLN3 severs individual actin filaments in the presence of VLN1.
VLN3 Dismantles Actin Filament Bundles in the Presence of Ca 2+ and VLN1
To determine whether VLN3 can sever actin filaments within bundles, the bundles from steady state experiments ( Figure 10) were assessed for reductions in length. Moreover, populations of bundles were analyzed for change in skewness values as described above. In the absence of Ca 2+ , the average length of bundles formed by incubation with a combination of VLN1 and VLN3 was not statistically different than those formed in the presence of VLN1 or VLN3 alone (P > 0.05; Figure 10B , red bars). In the presence of Ca 2+ , however, the bundled structures Asterisks represent concentrations of Ca 2+ with filament lengths that were statistically different (P < 0.05 by t test) compared with the corresponding value in the absence of Ca 2+ . generated with VLN3 alone or with VLN3 and VLN1 were ;3 times shorter than their respective controls without Ca 2+ ( Figure  10B , gray bars). To test whether the shortening of bundles was due to severing and not unbundling, 150 micrographs per treatment were analyzed for skewness ( Figure 10C ). In the presence of 1 mM Ca 2+ , average skewness values were not significantly different from 15 nM Ca 2+ controls for any combination of villins tested (P > 0.25; Figure 10C ). To confirm that skewness values are insensitive to changes in bundle length, VLN1 bundles were mechanically sheared by sonication; values for skewness after 1 and 5 min of sonication were not significantly different from untreated controls, whereas bundle lengths were significantly reduced by sonication (see Supplemental Figures 4D and 4E online) . Collectively, these results indicate that VLN3 dismantles actin bundles by severing and shortening rather than depolymerizing or unbundling in the presence of Ca 2+ . Thus, VLN3 severs actin filament bundles in a Ca 2+ -dependent manner, regardless of the presence or absence of VLN1.
DISCUSSION
This study provides important insight into the cooperative and antagonist activities of actin binding protein isovariants from the villin/gelsolin/fragmin superfamily. Using state-of-the art biochemical assays and advanced imaging to monitor the behavior of single actin filaments and filament bundles, we characterized two members of the villin gene family with overlapping and distinct functions. The villin family in Arabidopsis has five isovariants, of which VLN1 is unique based on phylogenetic analyses and the number of conserved Ca 2+ binding sites . We predicted that it would also be unique in its failure to sever actin filaments, and this was confirmed by timelapse TIRF microscopy. Our data further demonstrate unambiguously that another villin isovariant, VLN3, is capable of actin binding and bundling like VLN1 and has Ca 2+ -dependent severing activity. When present together, as they are likely to occur in trichomes (Dai et al., 2010) , guard cells and mesophyll cells in leaves (Leonhardt et al., 2004; Yang et al., 2008) and cells in the root (Birnbaum et al., 2003; Brady et al., 2007; Cartwright et al., 2009 ), these two proteins can cooperate to form long actin filament bundles. Upon exposure to micromolar [Ca 2+ ], however, the severing function of VLN3 is activated, and this results in the fragmentation of individual filaments as well as bundles irrespective of the presence of VLN1. Taking into account previous findings that VLN1 is able to protect actin filaments from disassembly by ADF1 , the ability of VLN3 to sever individual filaments and shorten actin bundles containing VLN1 indicates fundamental differences between actin binding protein families in facilitating actin turnover. These observations suggest a revised model for actin filament bundle formation and turnover in cells, based on the divergent activities of villin isovariants.
Actin filament bundles or cables are linked with several important cellular processes in plants (Higaki et al., 2007 (Higaki et al., , 2010 ; Thomas et al., 2009 ), but their formation and turnover is poorly understood. Like a recent example from liverwort (Marchantia polymorpha) expressing a Lifeact-Venus reporter (Era et al., 2009 ), we were able to visualize in real time the formation of actin filament bundles in the cortical array of living Arabidopsis epidermal cells by VAEM imaging. The mechanism, which appears as filament catch and zipper to a neighboring filament or bundle, is mimicked in vitro with a reconstituted system comprising single actin filaments and either recombinant VLN1 or VLN3 imaged by time-lapse TIRF microscopy. The zippering is superficially similar to bundling induced by an unusual plant formin, AFH1 (Michelot et al., 2006) . Capture and zippering was also recently described for a novel bundling protein from hair cell stereocilia, TRIOBP, that is implicated in human hereditary deafness (Kitajiri et al., 2010) . Our steady state analyses confirmed that when VLN3 and VLN1 are incubated together with actin, numerous bundles are formed. We propose that these isovariants work cooperatively to form large higher-order structures in cells. Several classes of actin-bundling or cross-linking proteins are known to exist in plants. Four families of such proteins are found in Arabidopsis, including the fimbrins, formins, LIM proteins, and villins (Higaki et al., 2007 (Higaki et al., , 2010 ; Thomas et al., 2009; Staiger et al., 2010) . To our knowledge, there have been no studies so far suggesting any cooperation between these families of bundling proteins. The various isovariants of formins and villins are also known to have functions in addition to bundling (Thomas et al., 2009; Blanchoin and Staiger, 2010; Staiger et al., 2010) . Different families of bundling proteins in nonplant systems (animals and flies), including Fascin, Forked, espin, fimbrin/ Rhodamine-actin filaments were adhered to the cover slip of a TIRF microscopy chamber. Either 0.5 nM hVLN, 5 nM VLN3, or 5 nM VLN1 in the presence of various [Ca 2+ ] free was perfused through the chamber, and time-lapse images were collected every 1 to 5 s. The maximal length of individual filaments was measured, and breaks in each filament counted. A minimum of 20 filaments for each experimental treatment was counted, and the average was plotted against [Ca 2+ ]. Error bars represent SE. n is at least 3 for each data set. Asterisks represent data points that were statistically different (P < 0.05 by t test) for severing frequency compared with 0 mM Ca 2+ . (A) Micrographs of actin filaments in the absence or presence of villins, before and after the addition of Ca 2+ . One micromolar prepolymerized actin alone or with 400 nM VLN1, 50 nM VLN3, or a combination of VLN1 and VLN3 was incubated at room temperature for 15 min. One millimolar Ca 2+ was added to one-half of the mix, which was then incubated for another 15 min. Both were labeled with 1 mM rhodamine-phalloidin, and images were taken by wide-field fluorescence microscopy with identical settings for all treatments. Two representative images for each condition, before (15 nM free Ca 2+ ) and after (1 mM free Ca 2+ ) the addition of Ca 2+ , are shown. Bar = 10 mm. plastin, and villins are known to exist together and cooperate or act sequentially during the formation of actin bundles found in specialized cellular structures (Bartles, 2000) . For example, massive parallel actin bundles in the neurosensory bristles of Drosophila are formed by sequential action of Forked and Fascin (Tilney et al., 1998 (Tilney et al., , 2000 Wulfkuhle et al., 1998) , whereas those in nurse cells require Quail followed by Fascin (Matsudaira et al., 1983; Cant et al., 1994; Mahajan-Miklos and Cooley, 1994) . Actin bundles in brush border microvilli of mammalian epidermal cells, on the other hand, are a result of the combined activity of villin, fimbrin/plastin, and small espin (Gerke and Weber, 1983; Matsudaira et al., 1983; Ezzell et al., 1989; Bartles et al., 1998) . There have been no reports, however, of cooperativeness between members of the same family of proteins with overlapping expression, like VLN1 and VLN3 (Higaki et al., 2007; Thomas et al., 2009 ).
There are two fields of thought about the mechanism of bundling by villins. One suggests the formation of dimers of the actin bundling proteins, allowing one actin binding site (e.g., the VHP) on each subunit to interact with separate actin filaments, as implied for lily villin 135-ABP (Yokota et al., , 2005 and demonstrated for human villin (George et al., 2007) . Another field suggests the binding of a villin monomer with two actin filaments via its two F-actin binding sites, one in the gelsolin-like core domain and the other in the VHP, thus forming a bundle (Glenney and Weber, 1981; Friederich et al., 1999; Hampton et al., 2008) . Our preliminary analytical centrifugation analysis revealed minimal formation of VLN1 or VLN3 dimers. Nevertheless, both proteins bind actin filaments with moderate affinity and generate higher-order structures that resemble filament bundles or cables. Further studies will be required, however, to understand the exact mechanism of bundling by these proteins.
Apart from formation of actin filament cables and networks, dynamic reorganization of the actin cytoskeleton is crucial for the normal functioning of plant and nonplant cells, and filament severing is a significant aspect of this (Ono, 2007; Vavylonis et al., 2008; Staiger et al., 2009; Okreglak and Drubin, 2010) . Important insights about cytoskeletal turnover in plant cells was obtained by our recent VAEM analysis of the cortical actin cytoskeleton in epidermal cells of dark-grown hypocotyls of Arabidopsis (Staiger et al., 2009) . That study revealed a stochastic behavior of actin filaments dominated by profilic severing, similar to an in vitro biomimetic system of actin turnover and assembly (Michelot et al., 2007) . Biochemically, the proteins responsible for severing of the actin were predicted to be either ADF/cofilin or villins (Staiger et al., 2009 . In this study, we performed timelapse imaging of individual actin filaments in the presence of recombinant VLN3 in vitro, providing direct, quantitative evidence for severing activity by a full-length plant villin. Severing by actin binding proteins is typically inferred in vitro by depolymerization assays with pyrene-labeled actin and fluorimetry assays and/or by imaging of labeled actin filaments in the presence of severing proteins with fluorescence microscopy. Several actin binding proteins from nonplant systems have been shown to sever by these methods, including human plasma gelsolin (Bearer, 1991) , human villin (Kumar and Khurana, 2004; Kumar et al., 2004a) , mouse formin INF2 (Chhabra and Higgs, 2006) , and cofilin from various species (Pavlov et al., 2007) . The first plant protein demonstrated to have severing activity by fluorescence microscopy of phalloidin-labeled actin filaments was a gelsolin isolated from poppy (Papaver rhoeas) pollen, Pr ABP80 (Huang et al., 2004) . The villins from lily pollen, 135-ABP and 115-ABP, are capable of disassembly, as evidenced by biochemical assays in the presence of Ca 2+ -CaM (Yokota et al., 2005) . Circumstantial evidence for severing of filaments polymerized in vitro, by a shorter homolog of villin (ABP41) that was isolated from pollen of Lilium davidii has been obtained by electron microscopy (Fan et al., 2004) . In addition, fluorescence microscopy has been used to observe severing by another low molecular weight protein from lily, ABP29, that is suspected to be a splice variant of 135-ABP (Xiang et al., 2007) . Nevertheless, how efficient these villin/gelsolin/fragmin family members are at severing filaments and whether they are functional at physiological Ca 2+ levels remain to be determined. A parallel study by Zhang et al. (2010) reveals that recombinant VLN5 also severs actin filaments at micromolar [Ca 2+ ].
TIRF microscopy has recently become an unequivocal way of observing the creation of breaks at the single actin filament level in real time. An evanescent wave from the internally reflected excitation light excites fluorescent filaments in only a narrow region of ;100 nm on the surface of our chamber, thus reducing the background considerably (George, 2004) . The clear imaging of breaks permits quantitative analyses of severing as well. The technique has been applied to examine the biochemical activity of proteins like plasma gelsolin (Nag et al., 2009 ) and budding yeast twinfilin (Moseley et al., 2006) . In a landmark study, Andrianantoandro and Pollard (2006) demonstrated direct severing by cofilins from fission yeast, Acanthamoeba, and human. The power of this approach to clarify the molecular mechanism of actin binding protein function is exemplified by plant ADF. (B) and (C) Average length of bundles (B) and average skewness values (C) in the presence of VLN1 and/or VLN3 with or without Ca 2+ . Experiment was set up as in (A). (B) The maximal length for >100 bundles was measured from at least 10 images for each data set. Asterisks represent average bundle lengths in the presence of 1 mM free Ca 2+ that were statistically different (P < 0.05 by paired t test) from the corresponding controls without Ca 2+ . The lengths of bundles in the presence of VLN1, VLN3, or both VLN1 and VLN3 without Ca 2+ were not statistically different from each other (P > 0.05). In the presence of 1 mM free Ca 2+ , bundle lengths in the presence of VLN3 with and without VLN1 were not statistically different (P = 0.1). (C) Mean skewness values were determined from 150 micrographs per treatment with triplicate samples. The addition of 1 mM Ca 2+ to samples containing VLN1, VLN3, or the combination of villins did not significantly lower the skewness value compared with the 15 nM Ca 2+ controls (P > 0.25). Error bars represent SE. [See online article for color version of this figure. ] Arabidopsis ADF1 was previously suggested to lack the ability to fragment actin filaments and instead argued to depolymerize filaments by monomer binding and increasing the off rate at pointed ends (Carlier et al., 1997; Dong et al., 2001 ). However, we were able to show severing activity of ADF1 directly by TIRF microscopy. It also allowed us to compare the potency of ADF1 with the villins. The concentrations of ADF1 required to equal the severing frequencies of VLN3 were ;100-fold higher and to equal human villin severing frequency ;1000-fold higher. Thus, plant and human villins sever actin filaments, and this protein family is markedly more potent than plant ADF1 at equivalent concentrations.
Plant actin binding proteins are known to differ in function and regulation from their animal counterparts . We show here that like human villin, VLN3 is regulated by micromolar [Ca 2+ ]. Both proteins can bundle in the presence of low [Ca 2+ ]. As [Ca 2+ ] increases, they exhibit severing activity. Human villin showed high severing frequency even at 1 mM free Ca 2+ in our assays, which was surprisingly lower than the concentration of >200 mM required for severing reported previously (Kumar and Khurana, 2004; Kumar et al., 2004a) . The latter was based on a depolymerization assay by fluorimetry, which is indirect and less sensitive than our TIRF assay. VLN3, on the other hand, exhibited a dose-dependent increase in severing frequency with increasing [Ca 2+ ], albeit less than hVLN. There was, however, significant severing by VLN3 in the physiological range of Ca 2+ (1 to 10 mM). Thus, VLN3 is likely to be a severing protein in plant cells that is sensitive to fluxes in cytosolic Ca 2+ levels.
Several studies on the cytoskeleton and its regulation in plant cells have suggested a role for Ca 2+ as a signaling molecule. Pollen tubes and root hairs, two model cell types for actinmediated tip growth, have an oscillatory, tip-high Ca 2+ gradient that is presumed to activate or inactivate Ca 2+ -dependent actin binding proteins, thereby bringing about changes in actin organization and dynamics (Hepler et al., 2001; Staiger et al., 2010) . Furthermore, external availability of Ca 2+ or the use of ionophores results in actin reorganization in various types of cells Hepler et al., 2001; Snowman et al., 2002; Cá rdenas et al., 2008) . Several studies on pollen tubes reveal that increasing the cytosolic [Ca 2+ ] by treating with the Ca 2+ ionophore A23187 or mastoparan brings about fragmentation or depolymerization of the actin cytoskeleton (Kohno and Shimmen, 1988; Snowman et al., 2002; Yokota et al., 2005) . With evidence of lily villins being extracted from pollen and localized on actin cables in pollen tubes and root hairs (Nakayasu et al., 1998; Yokota et al., 1998 Yokota et al., , 2000 Yokota et al., , 2003 Vidali et al., 1999; Yokota and Shimmen, 1999; Tominaga et al., 2000) as well as their being responsible for bundle formation and maintenance in both pollen and root hairs (Shimmen et al., 1995; Tominaga et al., 2000; Ketelaar et al., 2002) , the villins have been implicated as Ca 2+ -regulated proteins involved in actin turnover (Yokota and Shimmen, 2006; Staiger et al., 2010) . The lily villins and their splice variants do indeed disrupt actin cables when overexpressed in pollen tubes and stamen hair cells (Tominaga et al., 2000; Yokota et al., 2003; Fan et al., 2004; Xiang et al., 2007; Wang et al., 2008) . The biochemical properties of VLN3, although it is an isovariant that is absent from pollen (Pina et al., 2005) , point toward the possibility of pollen-expressed VLN2 or VLN5 being responsible for fragmentation of the actin framework in Arabidopsis pollen. In fact, Zhang et al. (2010) verify that VLN5 severs actin in the presence of micromolar [Ca 2+ ] and that it plays an important role in normal pollen tube growth in Arabidopsis. The villin family, with the exception of VLN1, could therefore play an important role in the Ca 2+ -mediated restructuring of the actin cytoskeleton in other plant cells as well.
As pointed out earlier, different isovariants of the villins have overlapping spatial and temporal expression patterns in Arabidopsis (Klahre et al., 2000; Hruz et al., 2008) . Moreover, several different actin binding proteins with similar functions could also have overlapping expression. The possibility of competition or synergies must be considered between such coexisting isovariants or proteins with related function. It has been shown that actin filaments are protected by VLN1 from the disassembly Rhodamine-actin filaments were adhered to the cover slip of a TIRF microscopy chamber, and 25 nM VLN1 was perfused into the chamber. Five nanomolar VLN3 in the presence of 10 mM free Ca 2+ , 200 nM ADF1, or their respective buffers only with an additional 25 nM VLN1 was then perfused into the same chamber, and time-lapse images were collected every 1 to 2 s. VLN3 or ADF1 were also perfused into chambers that had not been pretreated with VLN1. See also Supplemental Movies 12 to 15 online. These experiments were repeated three times, and 20 filaments were measured for each experimental treatment and each replicate. Severing frequency was determined as before. Error bars represent SE. Asterisk represents the data point that was statistically different (P < 0.05) for severing frequency from the severing protein alone. activity of ADF1 in vitro . Actin filament bundles are in general likely to be resistant to turnover by ADF/ cofilin (Michelot et al., 2007) , but the basis for this has not been fully explored. We extended the study in a reconstituted system using TIRF microscopy to understand the overlapping or distinct effects of villin isovariants. Individual actin filaments that were incubated with VLN1 before being exposed to VLN3 in the presence of micromolar [Ca 2+ ] are severed to a similar extent whether VLN1 was present or not. This indicated that VLN3 and VLN1 did not compete with each other. Steady state assays to understand the effect of VLN3 on bundles revealed a large number of bright higher-order structures in the presence of VLN1 and/or VLN3 in the absence of Ca 2+ . The length of these bundles was significantly reduced in the presence of VLN3 and Ca 2+ , indicating their fragmentation. Moreover, bundle length was still reduced in the presence of VLN1, again suggesting that bundles are not protected from VLN3 activity.
Arabidopsis FIMBRIN1, an actin cross-linking protein, is also known to protect filaments from profilin-mediated disassembly in vivo and in vitro (Kovar et al., 2000) . Furthermore, tobacco (Nicotiana tabacum) WLIM1, another actin-bundling protein, stabilizes actin filaments and/or bundles and protects them from latrunculin B both in vitro and in BY2 cells (Thomas et al., 2006) . Other examples of accessory proteins that prevent modifications in the actin filament structure include nonplant tropomyosin that interferes with Arp2/3 complex and ADF/cofilin function (Blanchoin et al., 2001 ). In yeast, however, Aip1 (actininteracting protein1) and cofilin function together to sever and cap cables decorated by tropomyosin ). This appears to be a mechanism to promote the turnover of actin in order for it to be used for other functions or used directly for assembly in the cell (Okreglak and Drubin, 2010) . VLN3 might have a similar function to prune VLN1 bound filaments. This in turn is regulated by Ca 2+ .
VLN3 (this study) and VLN5 (Zhang et al., 2010) , but not VLN1, exhibit Ca 2+ -regulated severing activity. It is likely that this is important for actin filament turnover in response to changes in Ca 2+ levels in plant cells, such as in tip-growing pollen tubes . Similar to pollen tubes, the actin cytoskeleton undergoes dramatic rearrangements in root hairs as well (Era et al., 2009) . Injection of an anti-lily villin antibody into growing root hairs of Arabidopsis causes disruption of bundles and changes in nuclear localization (Ketelaar et al., 2002) . Microarray data reveal the presence of all five villin isovariants in Arabidopsis roots, with VLN3 having the highest expression levels (Ma et al., 2005) . More specifically, VLN3 along with VLN2 and VLN4 are expressed in root hairs (Birnbaum et al., 2003; Brady et al., 2007; Cartwright et al., 2009 ). It would not be surprising that VLN3 and the other isovariants play a key role in the growth of, and organelle positioning in, root hairs. In addition, the villins might be important players in the regulation of the actin cytoskeleton in guard cells. Actin bundles are known to form transiently during stomatal movements (Higaki et al., 2009) , and the villins, specifically VLN3 and VLN1, are expressed in guard cells (Leonhardt et al., 2004; Yang et al., 2008) . The predicted role of the villins in the dynamic reorganization of actin in the epidermal cells of the hypocotyl (Staiger et al., 2009) and their specific expression in this tissue (Ma et al., 2005) implies the importance of these proteins in cell expansion. Reverse-genetic methods will provide vital evidence to support these predictions.
METHODS
Phylogenetic Analysis
Protein sequences for the villins in Arabidopsis thaliana were obtained from the National Center for Biotechnology Information Entrez database (http://www.ncbi.nlm.nih.gov/; Klahre et al., 2000) and compared with sequences available in The Arabidopsis Information Resource database (http://www.Arabidopsis.org). Villin-like protein sequences in Oryza sativa ssp japonica were obtained from the Venter Institute's rice database (http://rice.plantbiology.msu.edu/; International Rice Genome Sequencing Project, 2005; Ohyanagi et al., 2006) and the TIGR/MSU Rice Genome Annotation Resource (http://rice.plantbiology.msu.edu/; Yuan et al., 2005; Ouyang et al., 2007) . Five sequences for putative villins were identified and named according to their proximity to the Arabidopsis villins in the phylogenetic tree generated as mentioned below. Multiple sequence alignments were performed with ClustalW (MacVector version 7.2.3; Accelrys Software). The alignment was imported into a Phylogenetic Analysis Using Parsimony (PAUP) program (Swofford, 1998) , and distance-and parsimony-based neighbor-joining trees were generated with manual rooting keeping human villin and gelsolin as the outgroup, tree-bisection-reconnection branch swapping, and 1000 replicates to generate bootstrap values.
Protein Production
Full-length cDNA for VLN3 was obtained from the ABRC (Ohio State University; EST clone H2G4T7). The coding sequence was amplified by PCR, cloned into pCR2.1 (Invitrogen), and confirmed by sequencing. It was subcloned into the vector pET23d (Novagen) and transformed into Escherichia coli BL21 (DE3) Codon Plus to be expressed as a nonfusion protein. Bacterial cultures were grown overnight at 378C, subcultured into fresh Luria-Bertani media, and grown at 378C for 2 h. This was followed by overnight induction at 158C after addition of 0.4 mM isopropyl b-Dthiogalactopyranoside. Cells were collected by centrifugation and resuspended in Solution A (50 mM Tris-HCl, pH 8.0, 10 mM KCl, 1 mM DTT, and 0.01% sodium azide), supplemented with a 1:200 dilution of a stock solution of protease inhibitors (Ren et al., 1997) . The cell suspension was sonicated and then clarified by centrifugation. The supernatant was applied to a DEAE-Sepharose column (Amersham Biosciences) preequilibrated with Solution A. Proteins were eluted with a linear gradient of KCl (10 to 500 mM). Fractions were analyzed by SDS-PAGE, and villincontaining fractions were pooled and dialyzed against Solution B (50 mM Tris-HCl, pH 8.0, 0.2 mM EGTA, 1 mM DTT, 0.01% NaN 3 , and 1:200 protease inhibitors). Dialyzed villin was applied to a Cibacron Blue 3G-A column (Sigma-Aldrich) preequilibrated with Solution B. Proteins were eluted with a step gradient of increasing KCl concentration (0.25, 0.35, 0.5, and 1 M) and 0.1 M ATP. Villin-containing fractions were identified by SDS-PAGE, pooled, and dialyzed against Solution C (10 mM Tris-HCl, pH 8.0, 140 mM KCl, and 1 mM DTT). Purified villin was concentrated with a 100-kD cutoff Centricon (Millipore), frozen in liquid nitrogen, and stored at 2808C. The concentration of VLN3 was determined by Bradford assay (Bio-Rad Protein Assay) using BSA as a standard.
Arabidopsis VLN1 and ADF1 were purified as described previously (Carlier et al., 1997; Huang et al., 2005) . Human VLN plasmid was kindly provided by S. Khurana (University of Tennessee Health Science Center, Memphis, TN), and the recombinant protein was purified roughly as described by Panebra et al. (2001) as a glutathione S-transferase fusion protein, followed by removal of the glutathione S-transferase tag with thrombin (Kovar et al., 2000) .
Actin was isolated from rabbit skeletal muscle acetone powder (Spudich and Watt, 1971) , and monomeric Ca-ATP-actin was purified by gel filtration chromatography on Sephacryl S-300 (Pollard, 1984) in Buffer G (5 mM Tris-HCl, pH 8.0, 0.2 mM ATP, 0.1 mM CaCl 2 , 0.5 mM DTT, and 0.1% NaN 3 ).
High-and Low-Speed Cosedimentation Assays
The ability of the purified recombinant villin to bind to F-actin was examined with a high-speed cosedimentation assay (Kovar et al., 2000; Huang et al., 2005) . Actin was prepolymerized in the presence of equimolar phalloidin. In a 200-mL reaction volume, 1 mM of the putative actin binding protein was incubated with 5 mM phalloidin-stabilized F-actin in the presence of 13 F-buffer (103 stock: 50 mM Tris-HCl, pH 7.5, 5 mM DTT, 5 mM ATP, 1 M KCl, and 50 mM MgCl 2 ) with 1 mM EGTA for 30 min at 238C. The free Ca 2+ concentration in the reaction was 3 nM as determined with EqCal software (version 1.1; Biosoft). Following incubation, 80 mL of the reaction mix (total sample) was transferred to another tube with 20 mL of 53 SDS-PAGE sample buffer (13 comprises 40 mM Tris, pH 6.8, 100 mM DTT, 1% [w/v] SDS, and 10% [v/v] glycerol) The remaining mix was centrifuged for 30 min at 186,000g at 48C. Supernatant (80 mL) was removed to a separate tube and 20 mL of 53 sample buffer was added to it. After discarding the remaining supernatant, 150 mL of 23 sample buffer was added to the pellet. The samples were then separated by 10% SDS-PAGE and stained with Coomassie Brilliant Blue R (Sigma-Aldrich).
The apparent affinity of VLN3 for F-actin was determined by sedimentation of reactions with a fixed amount of VLN3 and a range of concentrations of phalloidin-stabilized F-actin. Increasing amounts of actin (0.1, 0.25, 0.5, 0.75, 1.0, 2.0, 3.0, 4.0, 5.0, 6 .0, and 10.0 mM) were incubated with 0.5 mM villin for 30 min at 238C followed by a 30-min spin at 186,000g. The free Ca 2+ concentration was <10 nM in these reactions. To determine K d values, equal volumes of the pellet were separated by SDS-PAGE, gels were scanned, and the intensity of VLN3 was measured with LabWorks software (version 4.0.0.8; UVP BioImaging Systems). Standard curves were generated from the intensity of known amounts of purified VLN3 loaded on the same gel, and these were used to quantify the amount of bound protein. The percentage of bound protein as a function of actin concentration was plotted and fitted to a hyperbolic function using Kaleidagraph (version 4.0.1; Synergy Software). The effect of Ca 2+ on the binding was also analyzed by performing the assay in the presence of 1 mM EGTA and 111 mM Ca 2+ to give a final free [Ca 2+ ] of 100 mM.
Bundling activity of VLN3 was analyzed with a low-speed cosedimentation assay (Kovar et al., 2000; Huang et al., 2005) . For the dosedependent bundling assay, increasing amounts of VLN3 were incubated with 10 mM prepolymerized actin in the presence of 13 KMEI (50 mM KCl, 1 mM MgCl 2 , 1 mM EGTA, and 10 mM imidazole, pH 7.0) in a 100-mL reaction. Following a 45-min incubation at 238C, the mixture was centrifuged at 13,500g at 48C for 40 min. Similar to the high-speed assay, 20 mL of 53 sample buffer was added to 80 mL of the supernatant, and 50 mL 23 sample buffer was added to the pellet. The samples were examined by 10% SDS-PAGE followed by staining with Coomassie Brilliant Blue R. The intensity of the bands was measured, and the percentage of actin in the pellet was calculated from a standard curve for known amounts of actin loaded on the same gel.
The effect of Ca 2+ on bundling activity was also examined by incubating 500 nM VLN3 with 10 mM F-actin in the presence of 13 KMEI and various concentrations of free Ca 2+ (0.1, 1, 10, and 100 mM and 1 mM).
Wide-Field Fluorescence Microscopy
Fluorescence microscopy was used to observe individual actin filaments alone or in the presence of villin at steady state (Blanchoin et al., 2000; Huang et al., 2003) . For analyzing the dose-dependent reduction in filament length, 1 mM polymerized actin was incubated at 238C with various amounts of villins in 13 KMEI and 10 mM free Ca 2+ . After 15 min, 1 mM rhodamine-phalloidin (Sigma-Aldrich) was added to the tube.
Following another 15-min incubation, the mixture was diluted to ;5 nM F-actin with fluorescence buffer (10 mM imidazole, pH 7.0, 50 mM KCl, 1 mM MgCl 2 , 100 mM DTT, 100 mg/mL glucose oxidase, 15 mg/mL glucose, 20 mg/mL catalase, and 0.5% methylcellulose). In the assays where Ca 2+ was added later, the mixture, comprising 1 mM F-actin alone or with 400 nM VLN1, 50 nM VLN3, or a combination of VLN1 and VLN3, was divided in two following the 15-min incubation. One half was labeled with rhodamine-phalloidin, diluted to 5 nM final F-actin concentration, and imaged. To the other half, 1 mM Ca 2+ was added. This was incubated for an additional 15 min before imaging. The filaments were observed by epifluorescence illumination under a Nikon Microphot SA microscope equipped with a 360, 1.4-numerical aperture Planapo objective, and digital images were captured with an ORCA-ER 12-bit CCD camera (Hamamatsu Photonics) using MetaMorph software (version 6.0; Universal Imaging). MetaMorph was also used to measure the lengths of all actin filaments in at least four different images from the same slide. The intensity and width of individual actin filaments were recorded, and structures with higher intensity (above an average intensity of ;3500 arbitrary units) and/or width (>4 pixels in an 800% enlarged image) than normal were considered to be bundles and were not included in the counts of filament length. In assays of bundle turnover, filament bundles were defined as any structure with a region that had an intensity above 1000 arbitrary units (exposure time, 400 ms; e-gain, 200) and their maximal lengths measured with MetaMorph. A minimum of 100 bundles were traced in at least 10 different images from three independent experiments for each condition.
Determination of Skewness
Skewness was previously used by Higaki et al. (2009) to monitor actin filament bundling in vivo. Here, we used their algorithm to compare single actin filaments and reconstituted actin filament bundles generated with VLN1 and VLN3 in vitro. All proteins were clarified at 186,000g for 45 min prior to each experiment. Each 103-mL reaction comprised 13 KMEI and 1 mM prepolymerized actin filaments, plus or minus recombinant villins. Reactions were supplemented with 1 mM rhodamine phalloidin and then imaged (or first incubated with various [Ca 2+ ] for 15 min and then supplemented with rhodamine phalloidin) as described previously. For experiments testing the synergy or competition between VLN1 and VLN3, 103-mL reactions were incubated with 400 nM VLN1 and then supplemented with 50 nM VLN3 and an additional 400 nM VLN1. To establish the efficacy of skewness on severed actin bundles versus intact actin bundles, 1 mM VLN1 was used to prepare bundles, and half the reaction was sheared by sonication for 1 or 5 min in a water bath sonicator. All reactions were diluted at a ratio of 3 mL in 40 mL of fluorescence buffer, and filaments were visualized using polylysine-coated cover slips (Huang et al., 2003) . A fixed exposure time and gain setting were selected such that both single filaments and higher-order structures could be visualized without saturation of pixels. Micrographs were analyzed in ImageJ using Higaki et al. (2009) parameters (i.e., minor window level and threshold adjustments of precisely the same extent per image per concentration, followed by Higaki's skewness macro available at http://hasezawa.ib.k. u-tokyo.ac.jp/zp/Kbi/HigStomata). To correlate skewness with another independent measure of actin bundle formation, after samples were removed for microscopy, the remainder of each reaction was subjected to cosedimentation analysis as described above. Skewness experiments and the corresponding low-speed cosedimentation assays were performed in triplicate with independent batches of VLN1 and VLN3, and average values (6SE) between replicate experiments were plotted.
TIRF Microscopy
Individual severing events along actin filaments as well as bundling were imaged by time-lapse TIRF microscopy. Rhodamine-labeled muscle actin (Cytoskeleton) in Buffer G was polymerized in the presence of 13 KMEI for at least 1 h at room temperature. A mixture of rhodamine-actin and unlabeled actin in a 1:1 ratio was used for experiments with ADF1.
Glass flow chambers, with a capacity of ;40 mL, were prepared by separating a 24 3 60-mm cover slip from a standard microscope slide using strips of Parafilm (Amann and Pollard, 2001; Kovar and Pollard, 2004) . Chambers were perfused with 5 nM NEM-treated myosin (rabbit skeletal muscle myosin; Cytoskeleton) in myosin buffer (0.5 M KCl, 10 mM MgCl 2 , and 10 mM imidazole, pH 7.0). NEM-myosin was left in the chamber for ;15 s, followed by a myosin buffer wash. BSA (1% [w/v]) was flowed into the chamber and incubated for at least 2 min, followed by a fluorescence buffer wash. A final concentration of 25 nM of filamentous rhodamine-actin in fluorescence buffer was perfused and allowed to settle for ;5 min. Fluorescence buffer alone, or a mixture of actin binding proteins in the presence of 0.5 mM thesit (polidocanol; Sigma-Aldrich; Harris and Higgs, 2006) , with or without Ca 2+ diluted in fluorescence buffer, was introduced after placing the chamber on the microscope stage. In the competition assays, 25 nM VLN1 was perfused into the chamber first. After 2 to 3 min, 5 nM VLN3 with 10 mM Ca 2+ , or the appropriate buffer along with an additional 25 nM VLN1, was flowed into the same chamber. Chambers that had not previously been subjected to VLN1 were also perfused with VLN3 or ADF1.
Actin filaments were observed by TIRF illumination on an Olympus IX-71 inverted microscope equipped with a 360, 1.45-numerical aperture TIRFM Planapo objective using a 543-nm HeNe laser line (Melles Griot Photonics). The time course of bundling or severing was acquired at 1-to 5-s intervals with an ORCA-EM-CCD camera (model C9100-12; Hamamatsu Photonics) using IPLab software (version 3.9; Scanalytics). Typical exposure times were 650 ms (or 1100 ms for 1:1 rhodamine-unlabeled actin) with the electronic gain set at 230. A data table with elapsed times between individual frames was recorded for each experiment.
The stack of 100 frames from each time-lapse series was used to observe and count breaks along single filaments in all images following the addition of protein. The data table was used to calculate the elapsed time following perfusion. Filament lengths were also measured using the length tool of IPLab and a conversion factor of 1 pixel = 0.267 mm for the 360 objective. Severing frequency for each actin filament was calculated as the number of breaks, per unit filament length, per unit time (i.e., breaks/mm/s). The severing frequency for a particular protein in a certain condition was estimated by calculating the average severing frequency from at least 20 filaments that were longer than 10 mm. At least three timelapse series were captured for each experimental condition. Montages from time-lapse experiments were created in MetaMorph by selecting specific frames and adjusting contrast and brightness levels uniformly across all images. Figures for publication were generated in Adobe Photoshop CS5 (version 12.0; Adobe Systems).
Live-Cell Imaging with VAEM
The cortical actin cytoskeleton in epidermal cells from Arabidopsis hypocotyl cells expressing GFP-fABD2 was examined by time-lapse VAEM (Konopka and Bednarek, 2008) according to methods described previously (Staiger et al., 2009) . Briefly, etiolated seedlings 11 d after germination were mounted in water between a slide and cover glass and positioned on the inverted TIRF microscope platform described above. Fluorescence from GFP-fABD2 was excited with a 100-mW Ar laser (Melles Griot Photonics) attenuated to 20% power with neutral density filters. Emitted light passed through a triple-wavelength dichroic and emission filter (448-543-633TBDR; Omega Optical), and images were captured at 1.5-s intervals with a Hamamatsu ORCA-EM 512 3 512 CCD camera operated by IPLab software. Filament bundling was examined upon playback of the time-lapse image stack in IPLab or ImageJ, and montages of still images were prepared with Photoshop CS5.
Quantitative Real-Time PCR Inflorescence stems, floral whorls, and mature rosette leaves from wild-type Arabidopsis Columbia-0, vln1-4 (SALK_133579), and vln3-8 (SAIL_110_E04) homozygous mutant plants, grown under standard long-day conditions, were harvested at 44 d after germination. Plant material was flash frozen in liquid nitrogen upon harvest and ground to a fine powder with mortar and pestle. RNA isolation was performed using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. Two-step qRT-PCR was performed as follows: Isolated RNA was measured for concentration and relative quality via spectrophotometry, and then 2 mg RNA was treated with RQ1 DNase (Promega) to remove contaminating DNA. Random primers (NEB) and MMLV reverse transcriptase (Promega) were used to synthesize cDNA in accordance with product protocols. qRT-PCR was performed using 23 SYBR Green master mix (Applied Biosystems) using a method adapted from the Applied Biosystems protocol and Udvardi et al. 2008 and a StepOne Plus real-time PCR system (Applied Biosystems). Gene-specific VLN1 (59-GGCATCTAAATCTAATGCTTTGTCT-39; 59-ATGTCTAGGCTAAGTA-AAGACATT-39) and VLN3 (59-CTATCAAGCACGCAAAAGAGG-39; 59-TAATGTCGTGTGTTCTGGCAG-39) primers were used, and relative expression levels were compared after normalization to GAPD transcript levels (59-CACTTGAAGGGTGGTGCCAAG-39; 59-CCTGTTGTC-GCCAACGAAGTC-39). Three biological and technical replicates were performed per treatment. Results were analyzed using comparative D C T with GAPD controls (Rieu and Powers, 2009 ). Mean results (6SE) were plotted.
Accession Numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank/EMBL databases under the following accession numbers: At VLN1, NP_029567 (At2g29890); At VLN2, NP_565958 (At2g41740); At VLN3, NP_567048 (At3g57410); At VLN4, NP_194745 (At4g30160); At VLN5, NP_200542 (At5g57320); Ll ABP135, AAD54660; Ll ABP115, BAC77209; Hs VLN, NP_009058; Hs Gel, CAA28000; Os VLN1, Os05g06110; Os VLN2, Os03g24220; Os VLN3, Os06g44890; Os VLN4, Os04g51440; and Os VLN5, Os08g14230.
Supplemental Data
The following materials are available in the online version of this article. 
Supplemental
